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ON THE QUESTION OF EFFICIENT EXTRACTION OF 
ELECTRONS FROM A PLASMA I N  A VACUUM 

Yu. Y e .  Kreyndel' and V. A. N i k i t i n s k i y  

ABSTRACT. It i s  found t h a t  t h e  Penning d i scha rge  wi th  
co ld  cathodes as an a u x i l i a r y  d i scha rge  i n  a plasmatron 
extends t h e  c a p a b i l i t i e s  of t h i s  t ype  of devices .  The 
deformation of t h e  t r a n s v e r s e  magnetic f i e l d  he lps  t o  
reduce t h e  ope ra t ing  p res su re  and i n c r e a s e  t h e  e l e c t r o n  
c u r r e n t .  

Two e l e c t r o n c u r r e n t  e x t r a c t i o n  regimes i n  a vacuum, from a plasma, formed /151* 
i n  a system of e l e c t r o d e s  enclosing a Penning tube were examined i n  [l]. Con- 

?. 
d i t i o n s  were found under which t h i s  system provides  i n  a vacuum e l e c t r o n  'i 
c u r r e n t s  up t o  20 A, c o n s t i t u t i n g  a s i g n i f i c a n t  p a r t  of t h e  d i scha rge  cu r ren t .  

The flow of such c u r r e n t s  w i t h  a d e n s i t y  of more than 100 A/cm over a d i s t a n c e  

of t h e  o r d e r  of 1 m m  f o r  a v o l t a g e  of about 100 V i s  p o s s i b l e  only w i t h  compen- 

s a t i o n  f o r  t h e  nega t ive  space charge by t h e  p o s i t i v e  i o n s  as a r e s u l t  of t r a n s f e r  

of t h e  discharge burning i n  t h e  Penning tube  t o  t h e  e x t r a c t i n g  e l ec t rode .  Some 

e s s e n t i a l  a s p e c t s  of t h e  processes  which determine t h e  observed e f f e c t i v e  

e x t r a c t i o n  of ampere-level c u r r e n t s  remain unc lea r .  

h e l p f u l  t o  c l a r i f y  whether o r  n o t  effective cu r ren t  e x t r a c t i o n  is  a s s o c i a t e d  

w i t h  t h e  c h a r a c t e r i s t i c s  of t h e  Penning d i scha rge  orwhether  similar phenomena 

can b e  observed when us ing  a u x i l i a r y  discharges of o t h e r  types and a l s o  when 

r e p l a c i n g  t h e  a u x i l i a r y  e l e c t r o d e  by a thennocathode. 

2 

I n  p a r t i c u l a r ,  i t  would b e  

In our  experiments, w e  used t h e  e l e c t r o d e  system descr ibed i n  [l], b u t  the 

Penning discharge can b e  replaced by the d i scha rge  between the d i r e c t l y  hea ted  

tungsten thermocathode. 1, introduced i n t o  t h e  central r eg ion  of the rec t angu la r  

anode 2 of t h e  Penning tube,  and t h i s  anode, which i s  e l e c t r i c a l l y  connected 

~~~ ~ ~ ~~ 

* Numbers i n  t h e  margin i n d i c a t e  pag ina t ion  i n  t h e  o r i g i n a l  f o r e i g n  text.  



with t h e  cold cathodes 3 of t h e  tube  (Fig. 1). The working gas ,  argon, w a s  

admitted i n t o  t h e  discharge chamber, connected w i t h  t h e  e x t r a c t i n g  gap and t h e  

rest of t h e  high-vacuum space by a 2-m-diameter emission p o r t .  Whenreplacing the 

a u x i l i a r y  d i scha rge  by the thermocathode, t h e  1at;ter w a s  mounted i n  t h e  p l a n e  

of t h e  emission p o r t  and w a s  connected e l e c t r i c a l l y  wi th  t h e  anode (switch K 

i n  p o s i t i o n  1). The e x t r a c t i n g  ferromagnet ic  e l e c t r o d e  4 ,  which deforms t h e  

magnetic f i e l d  i n  t h e  r eg ion  of the emission p o r t  121, w a s  l oca t ed  1 mm from 

t h e  anode. 

e l e c t r o d e  t o  ensure a low p r e s s u r e  i n  t h e  space between them. T r a n s i t i o n  t o  

t h e  e f f e c t i v e  c u r r e n t  e x t r a c t i o n  regime w a s  determined by t h e  sharp increase 

of t h e  o v e r a l l  c u r r e n t  I on t h e s e  e l ec t rodes .  The p res su re  P i n  t h e  

Penning tube  and t h e  p r e s s u r e  P 

t h e  experiment. 

The Faraday cup 5 w a s  l oca t ed  some d i s t a n c e  from t h e  e x t r a c t i n g  

0. P 
i n  t h e  high-vacuum space were measured during k 

I n  [l], d i scha rge  and output  c u r r e n t s  up t o  20 A w e r e  provided i n  t h e  

pulsed regime when us ing  a Penning discharge w i t h  co ld  cathodes. I n  t h e  case 

of discharge w i t h  a thennocathode, ope ra t ion  w i t h  such c u r r e n t s  is d i f f i c u l t ,  

s i n c e  t h e  thermocathode r e q u i r e s  power cont inuously,  r e g a r d l e s s  of t h e  c u r r e n t  

e x t r a c t i o n  condi t ions,  and t$e emission s u r f a c e  area and h e a t e r  power r equ i r ed  

are too  l a r g e  f o r  t h e  u s e  bf t h e  experimental  system. Therefore,  t h e  experi-  

ments descr ibed below were conducted i n  t h e  continuous regime with r e l a t i v e l y  

l o w  cu r ren t s .  However, prel iminary i n v e s t i g a t i o n s  of t h e  Penning d i scha rge  

showed t h a t  t h e  e f f e c t i v e  c u r r e n t  e x t r a c t i o n  regime, which i n  p r i n c i p l e  makes 

' /152 

it p o s s i b l e  t o  o b t a i n  high curren ' ts  i n  a vacuum, under c e r t a i n  cond i t ions  also 

mani fe s t s  i t s  c h a r a c t e r i s t i c  f e a t u r e s  a t  s m a l l  c u r r e n t s .  

Figure 2 shows t h e  curves of t h e  

k '  cathode c u r r e n t  I and t h e  output  

c u r r e n t  I f o r  t h e s e  cases: an auxi- 

l a r y  Penning discharge w i t h  cold 

cathodes,  burning a t  a v o l t a g e  of 500 V 

i n  a 500-0e magnet'ic f i e l d  (Fig.  2a ) ,  

an a u x i l i a r y  discharge burning between 

a thennocathode and the Penning tube  

w i t h  a v o l t a g e  of 50 V (Fig. 2b) and a 

0' 

Figure 1. Experiment schematic 
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thermocathode loca ted  i n  t h e  emission p o r t  (Fig.  2'c). I n  a l l  t h e  experiments,  

t h e  vo l t age  i n  t h e  gap between t h e  tube anode and t h e  e x t r a c t i n g  e l e c t r o d e  w a s  

150 V. 

p r e s su re  va lues  i n  t h e  high-vacuum space are a l s o  p l o t t e d  along t h e  h o r i z o n t a l  

axis. 

I n  o rde r  t o  make i t  p o s s i b l e  t o  eva lua te  t h e  p re s su re  i n  t h e  gap, t h e  

I n  both cases us ing  a u x i l i a r y  d i scha rges , the  output  cu r ren t  I i n i t i a l l y  
0 

rises slowly wi th  inc rease  of t h e  p re s su re  as a r e s u l t  of i o n i z a t i o n  i n  t h e  

e l e c t r i c  f i e l d  of t h e  e x t r a c t i n g  e l ec t rode .  

P 

e r r o r ,  t h e  output  cu r ren t  i nc reases  ab rup t ly  t o  .a va lue  which exceeds t h e  

cathode c u r r e n t ,  as a r e s u l t  of i n i t i a t i o n  of a d ischarge  t o  t h e  e x t r a c t i n g  

e l ec t rode ,  and remains p r a c t i c a l l y  cons tan t  wi th  f u r t h e r  i nc rease  of t h e  

pressure .  

Then, when t h e  c r i t i c a l  p re s su re  

i s  reached, having t h e  same va lue  f o r  both d ischarges  wi th in  experimental  c r  

I n  t h e  case of t h e  thermocathode loca ted  i n  t h e  e i i i s s ion  p o r t ,  i n i t i a t i o n  

of t h e  d ischarge  t o  t h e  e x t r a c t i n g  e l e c t r o d e  occurs  under approximately t h e  

same condi t ions  as i n  t h e  presence of t h e  a u x i l i a r y  discharges (Fig. 2c). 

Figure 3 shows t h e  c r i t i c a l  pres-  

s u r e  P versus  t h e  cathode cu r ren t  of 

an a u x i l i a r y  d ischarge  wi th  a thermo- 

cathode, which i s  c o n t r o l l a b l e  by 

v a r i a t i o n  of t h e  hea t ing  cu r ren t .  The 

shape of t h e  curve i n d i c a t e s  t h a t  f o r  

h igh  d ischarge  cu r ren t s ,  t h e  cr i t ical  

p res su re  does n o t  depend on t h e  d i s -  

charge cu r ren t  of +the a u x i l i a r y  

discharge.  

c r  

Figure 2. E lec t rode  c u r r e n t s  
versus  pressure .  



Figure 3 .  C r i t i c a l  p re s su re  
versus  cathode cur ren t .  

H ,  O e  H, O e  
Figure 4 .  C r i t i c a l  p re s su re  and 
output  cu r ren t  versus  magnetic 
f i e l d  i n t e n s i t y .  

I n  order  t o  c l a r i f y  t h e  r o l e  of t h e  magnetic f i e l d  i; t h e  t r a n s i t i o n  t o  

t h e  e f f e c t i v e  cu r ren t  e x t r a c t i o n  regime, w e  obtained t h e  curve of t h e  c r i t i c a l  

p re s su re  as a func t ion  of t h e  magnetic f i e l d  i n t e n s i t y  i n  t h e  Penning tube  

(Fig. 4) ,  f o r  t h e  case  of a d ischarge  wi th  a thermocathode. Also, shown i n  

t h i s  f i g u r e  i s  t h e  curve of t h e  output  cu r ren t  I , preceding t r a n s i t i o n .  The 

extrema of t h e  curves coincide.  The inc rease  of  t h e  cu r ren t  through t h e  

emission po r t  i n  t he  anode and t h e  corresponding decrease of t h e  c r i t i c a l  pres-  

s u r e  are i n  agreement wi th  t h e  concept of t h e  r o l e  of magnetic f i e l d  deformation 

0 

by t h e  ferromagnetic e x t r a c t i n g  e l e c t r o d e  [Z ] .  The reduct ion of t h e  output  

cu r ren t  f o r  high magnetic f i e l d s  i s  obviously a consequence of d r i f t  of elec- 

t r o n s ,  from t h e  thermocathode, along t h e  magnetic f i e l d ,  t o  t h e  cold cathodes 

of t h e  Penning tube,  which are connected e l e c t r i c a l l y  wi th  t h e  tube  anode. 

However, t h e  l e f t  branches of t h e  curves (Fig.  4a) cannot be explained by 

magnetic f i e l d  deformation alone,  s i n c e  experiments w i th  a diamagnetic e x t r a c t -  

ing  e l ec t rode  y i e l d  t h e  same n a t u r e  of t h e  r e l a t i o n s h i p ,  although less marked 

(Fig.  4b). The magnetic f i e l d  corresponding t o  t h e  l e f t  branches of t h e  curves 

of Fig. 4 cannot have any s i g n i f i c a n t  e f f e c t  on t h e  i o n i z a t i o n  processes  i n  t h e  

ex t r ac t ing  gap, a t  least p r i o r  t o  i n i t i a t i o n  of t h e  low-voltage d ischarge  t o  

t h e  ex t r ac t ing  e l ec t rode ,  s ince ' ex t ima tes  show t h a t  t h e  e l e c t r o n  cyc lo ida l  

t r a j e c t o r y  arc he ight  i s  g r e a t e r  t han  t h e  gap length .  W e  must then  assume 

t h a t  t h e  magnetic f i e l d  a f f e c t s  t h e  i n i t i a t i o n  of t h e  low-voltage discharge,  

amplifying t h e  i o n i z a t i o n  of t h e  gas  i n  t h e  electric f i e l d  of t h e  e x t r a c t i n g  

4 



e l e c t r o d e ,  which p e n e t r a t e s  i n t o  t h e  P e m i n g  tube  .through t h e  anode aperture .  

The p o s s i b i l i t y  of i n t e n s e  i o n i z a t i o n  i n  t h i s  region i s  a s soc ia t ed  with t h e  

high p r e s s u r e ,  i n  comparison w i t h  t h e  e x t r a c t i n g  gap, and the elongat ion of 

t h e  e l e c t r o n  t r a j e c t o r y  i n  the crossed f i e l d s .  &I i n d i r e c t  confirmation of 

t h i s  p o s s i b i l i t y  i s  t h e  experimental ly  observed i n c r e a s e  of t h e  optimal 

magnetic f i e l d  w i t h  i n c r e a s e  of t h e  e x t r a c t i n g  vo l t age .  

/152 

These experiments form a b a s i s  f o r  concluding t h a t  t h e  regime examined 

i n  [l], of e f f e c t i v e  e l e c t r o n  e x t r a c t i o n  from a plasma, i n  a vacuum i s  n o t  

a s s o c i a t e d  w i t h  t h e  c h a r a c t e r i s t i c s  of t h e  Penning o r  any o t h e r  a u x i l i a r y  

discharge,  and i s  always observed when a s u f f i c i e n t  number of e l e c t r o n s  are 

introduced through a s m a l l  a p e r t u r e  i n t o  a gap of c e r t a i n  d e f i n i t e  geometry 

a t  some pressure.  

t h e  Penning tube,  t h e  e l e c t r o d e  system considered here (Fig.  l), i s  e s s e n t i a l l y  

similar t o  t h e  discharge chamber of t h e  plasmatron [ 3 ] ,  which i s  used, i n  

p a r t i c u l a r ,  t o  o b t a i n  i o n i c  and e l e c t r o n i c  beams. It i s  known t h a t  t h e  d i s -  

charge from t h e  thermocathode i n  such a device may b e  replaced by an arc 

discharge from a hollow cold cathode [ 4 ] .  
w i t h  cold cathodes as an a u x i l i a r y  discharge i n  a plasmatron extends t h e  

c a p a b i l i t i e s  of devices  of t h i s  type.  The deformation of t h e  transverse 

magnetic f i e l d ,  which i s  necessary t o  maintain t h e  Penning discharge,  i n  t h e  

r eg ion  of t h e  emission a p e r t u r e  he lps  t o  reduce t h e  ope ra t ing  p r e s s u r e  and 

increase ' t h e  e l e c t r o n  cu r ren t .  

When us ing  a thermocathode l o c a t e d  i n  t h e  c e n t r a l  p a r t  of 

The u s e  of t h e  Penning d i scha rge  
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